Intrastriatal injection of recombinant adeno-associated viral vector serotype 2/1 (rAAV2/1) to overexpress the neurotrophic factor pleiotrophin (PTN) provides neuroprotection for tyrosine hydroxylase immunoreactive (THir) neurons in the substantia nigra pars compacta (SNpc), increases THir neurite density in the striatum (ST) and reverses functional deficits in forepaw use following 6-hydroxydopamine (6-OHDA) toxic insult. Glial cell line-derived neurotrophic factor (GDNF) gene transfer studies suggest that optimal neuroprotection is dependent on the site of nigrostriatal overexpression. The present study was conducted to determine whether enhanced neuroprotection could be accomplished via simultaneous rAAV2/1 PTN injections into the ST and SN compared with ST injections alone. Rats were unilaterally injected in the ST alone or injected in both the ST and SN with rAAV2/1 expressing either PTN or control vector. Four weeks later, all rats received intrastriatal injections of 6-OHDA. Rats were euthanized 6 or 16 weeks relative to 6-OHDA injection. A novel selective total enumeration method to estimate nigral THir neuron survival was validated to maintain the accuracy of stereological assessment. Long-term nigrostriatal neuroprotection and functional benefits were only observed in rats in which rAAV2/1 PTN was injected into the ST alone. Results suggest that superior preservation of the nigrostriatal system is provided by PTN overexpression delivered to the ST and restricted to the ST and SN pars reticulata and is not improved with overexpression of PTN within SNpc neurons.
INTRODUCTION
Parkinson's disease (PD) is a progressive neurological disorder with motor symptoms resulting from degeneration of dopamine (DA)-producing neurons in the substantia nigra pars compacta (SNpc) and a concomitant loss of DA in the striatum (ST). Neurotrophic factor gene therapy offers significant therapeutic promise for PD in that it may enhance survival of DA-producing neurons thereby slowing disease progression while alleviating motor symptoms by elevating DA in the ST. To date, a majority of gene therapy clinical trials have restricted therapeutic delivery to the terminal fields of DA neurons in the ST, and a single trial has targeted both the ST and SN. [1] [2] [3] [4] Striatal targeting in clinical trials was driven by animal studies utilizing glial cell line-derived neurotrophic factor (GDNF) or neuturin (NTN) that demonstrated delivery to striatal terminal fields is both necessary and sufficient for symptomatic treatment and affords protection to nigral DA neurons. [5] [6] [7] [8] [9] [10] [11] However, in conditions of impaired axonal transport and degeneration, such as occurs in PD patients, direct delivery of trophic factors to the nigral DA neuron bodies may be of increased benefit. Nigral expression can boost neuron survival at the level of the cell body and therefore may be complimentary to striatal administration. 12 To date, two studies have been conducted in neurotoxin rodent models comparing the neuroprotective effects of AAV neurotrophic factor ST to ST and SN delivery, both reporting increased neuroprotection of nigral neurons with SN delivery. 10, 13 The trophic factor pleiotrophin (PTN) is intricately involved in the development of the nigrostriatal DA system and encourages survival, differentiation and outgrowth of ventral mescencephalic neurons in vitro. 14, 15 We have previously demonstrated that intrastriatal recombinant AAV delivery to overexpress PTN before 6-hydroxydopamine (6-OHDA) is protective of both nigral neurons and terminals and can be functionally restorative; 16 however, neuroprotection was not complete. PTN transduction patterns following intrastriatal delivery indicated significant expression in the striatonigral direct pathway resulting in robust PTN immunoreactivity within terminals in the SN pars reticulata (SNpr), whereas transduction of SNpc DA neurons following intrastriatal vector injection was limited and only observed in unlesioned rats.
In the present study, we sought to determine whether additional PTN expression in the SNpc results in superior neuroprotection and functional recovery by directly comparing the effects of simultaneous injection of rAAV2/1 PTN injection to both the ST and SN with rAAV2/1 PTN injected into only the ST. Our findings reveal that over shorter transduction intervals (10 weeks), co-transduction of both the nigrostriatal and striatonigral pathways with PTN display equivalent levels of neuroprotection from intrastriatal 6-OHDA compared with PTN transduction of the striatonigral pathway alone. However, over longer transduction intervals (20 weeks) only striatonigral PTN overexpression (intrastriatal injection) provided neuroprotection to nigral DA neurons and DAergic terminals in the ST. Our results suggest that to achieve long-term neuroprotection of the nigrostriatal pathway intrastriatal rAAV PTN delivery alone should be utilized.
RESULTS
Selective total enumeration (TE) versus stereology to quantify surviving SNpc tyrosine hydroxylase immunoreactive (THir) neurons Stereological assessment, while accurate, is time consuming. In an effort to establish a more time efficient method of determining the percentage of remaining SNpc THir neurons for the current studies, stereological quantification was directly compared with a selective TE counting method. To validate this method, estimates of surviving THir neurons within the SNpc ipsilateral and contralateral to the intrastriatal 6-OHDA injections were achieved using either TE of the three coronal sections in closest proximity to the medial terminal nucleus of the accessory optic tract (Figure 1a ) or traditional stereological assessment. On average, the time required to perform the selective TE method was approximately 1/3 the time required for traditional stereological assessment. Both counting methods revealed that 6-OHDA resulted in significant THir neuron death at 4 and 6 weeks compared with 2 weeks postlesion (P ⩽ 0.002). The percentage of unilateral lesion determined by the selective TE counting method resulted in complete concordance with the percentage of unilateral lesion revealed by traditional stereological estimates at 2-, 4-or 6-week post-6-OHDA time points (P>0.05, Figure 1b) . Therefore, the selective TE method was used for subsequent estimations of SNpc THir neurons in the remainder of the study.
PTN, LacZ and green fluorescent protein (GFP) transgene expression in the nigrostriatal system PTN and TH double immunofluorescence revealed robust striatal PTN expression in all rAAV2/1 PTN-injected animals ( Figure 2 ). Striatal PTN transduction patterns were similar for the ST+SN-and ST-only-injected groups from both 10-and 20-week experiments (Figures 2c and f) . In contrast, patterns of PTN expression in the SN were highly dependent on injection site. rAAV2/1 PTN-injected directly into the SN resulted in robust PTN expression in the surviving THir neurons of the SNpc, THir fibers in the SNpr and limited expression within neurons of the ventral tegmental area (Figures 2d and e) . PTN expression was also observed in the SN of the ST-only-injected group; however, expression was confined to neurites within the SNpr, suggesting anterograde transport of PTN protein from transduced neurons in the ST (Figure 2g ).
Anterograde transport of PTN protein following intrastriatal rAAV2/1 PTN injection was also observed within the entopeduncular nucleus. We have previously observed retrograde viral transport following ST rAAV2/1 PTN injection to neuron bodies of the SNpc in the intact nigrostriatal system; 16 however, in the 6-OHDA-lesioned rats in the current study PTN expression was not observed within neurons of the SNpc. In contrast, transduction of SNpc DA neurons was readily apparent following intranigral rAAV2/1 PTN injections (Figure 2e) .
Analysis of levels of PTN expression in the ST confirmed that 20 weeks after vector injection rats in the ST only injection group possessed significantly increased PTN levels compared with rats in all the other treatment groups (F (1, 12) = 16.142, P = 0.002, Figure 2h) . Further, PTN expression 20 weeks after vector injection was significantly elevated in the ST group compared with the ST+SN-injected group (P = 0.014, Figure 2h ). No significant differences in striatal PTN expression were detected between the treatment groups 10 weeks after vector injection (P ⩾ 0.05). Striatal PTN expression was not significantly different between the ST+SN-injected rats at 20 weeks post-vector injection (Experiment 3) and either treatment group at 10 weeks post-vector injection (Experiment 2, P ⩾ 0.05). Measurement of PTN levels in the SN revealed that 20 weeks after transduction the ST+SN treatment group had significantly higher amounts of PTN in the SN than in the ST-only-injected group (Experiment 3, P ⩽ 0.007, Figure 2i ). ST injection of rAAV2/1 PTN resulted in PTNir in neurons in the ST whose size, shape and abundance suggested that medium spiny neurons had been transduced. Transduction patterns of rAAV2/1 GFP and rAAV2/1 LacZ, used in the 10-and 20-week studies, respectively, followed similar transduction patterns as rAAV2/1 PTN as previously reported. 16 In summary, rAAV2/1 PTN injection resulted in robust PTN expression at the site of injection, with long-term (20 weeks) ST delivery producing the highest level of PTN expression in the ST.
Long-term (20 weeks) striatal PTN overexpression prevents 6-OHDA-induced functional deficits Following 6-OHDA injection, rats in Experiment 3 injected with rAAV2/1 LacZ developed significant, progressive contralateral forelimb deficits compared with baseline at 8, 12 and 16 weeks post-lesion (F (3,75) = 7.376, P o 0.031, Figure 3a) . Similarly, rats injected with rAAV2/1 PTN into both the ST+SN exhibited impairments at 4, 8 and 12 weeks post-lesion (P o0.005). In contrast, rats injected with rAAV2/1 PTN in the ST alone displayed no functional deficit in contralateral forelimb use over the 16-week period (P>0.05). Further, no significant differences in amphetamine-induced rotational asymmetry were observed between rAAV2/1 LacZ control rats and the rAAV2/1 PTN ST+SN group at any time point (P>0.05). Compared with both of these groups, rats in the rAAV2/1 PTN ST only treatment group exhibited significantly fewer ipsilateral rotations at 8, 12 and 16 weeks postlesion (F (3,60) = 3.321, P o0.029, Figure 3b ). Whereas the control and rAAV2/1 PTN ST+SN rats exhibited more rotations at 8, 12 and 16 weeks compared with 4 weeks (Po 0.001), no significant changes in net ipsilateral rotations were detected in the ST-onlyinjected group over time (P>0.05). In the bilateral tactile stimulation test, rAAV2/1 LacZ control rats took significantly more time to contact the contralateral, affected paw at 12 and 16 weeks post-6-OHDA lesion compared with baseline measurements (P o 0.008, Figure 3c ). Neither of the rAAV2/1 PTN-injected groups displayed impairments in time to remove the adhesive sticker from their affected forepaws compared with baseline (P>0.05). In the adjusting steps tasks, no differences were observed between rAAV2/1 LacZ control rats and the rAAV2/1 PTN ST+SN group at any time point (P>0.05). Compared with both of these groups, rats in the rAAV2/1 PTN ST only treatment group exhibited significantly more contralateral steps at all time points tested except at 16 weeks (P o 0.006, Figure 3d ), with the rAAV2/1 LacZ control and the rAAV2/1 PTN ST+SN groups exhibiting decreased steps from baseline at all time points (P o 0.006). In contrast, rats in the rAAV2/1 PTN ST only group did not exhibit decreased contralateral steps at any point after lesion (P>0.05). In summary, PTN overexpression targeted to the ST alone resulted in improved functional recovery from DA denervation in all of the motor tests examined.
Short-term (10 weeks) PTN overexpression in either the striatonigral pathway alone or combined striatonigral and nigrostriatal pathways is protective for SNpc DA neurons The selective TE counting method was used to determine the percentage of SNpc THir remaining in rAAV2/1 PTN-injected and rAAV2/1 GFP control rats six (Experiment 2) or between rAAV2/1 PTN-injected and rAAV2/1 lacZ control rats 16 (Experiment 3) weeks following 6-OHDA. Six weeks post-lesion (10 weeks postvector), THir neuron survival was twofold greater in the ST and ST+SN groups compared with controls and in the ST+SN-injected group; this increase achieved significance (F (2,12) = 6.148, P = 0.033, Figures 4a-c and g ). An average of 197.2 ± 16.5 or 194.5 ± 22.2 THir neurons remained in the three coronal sections quantified in the intact SNpc and 96.9 ± 17.3 or 98.1 ± 16.7 remained in the lesioned SNpc of the ST-only-or ST+SN-injected groups, respectively. GFPinjected rats maintained an average of 226.2 ± 13.7 and 53.1 ± 6.5 THir neurons in the intact or lesioned SNpc, respectively. The magnitude of degeneration in the GFP control group paralleled results of vehicle injections to 6-OHDA-lesioned rats reported in a previous study by our laboratory. 17 THir neuron survival in the ST only group was elevated compared with controls but did not achieve significance (P = 0.052). Survival was not different between ST+SN-and ST-only-injected groups (P>0.05). In summary, survival of nigral THir neurons 6 weeks following 6-OHDA in both the ST+SN and ST rAAV2/1 PTN treatment groups was ≈50% compared with ≈23% survival in the rAAV2/1 GFP control group.
Long-term (20 weeks) PTN overexpression in the direct striatonigral, but not additional overexpression in the nigrostriatal pathway, is protective against 6-OHDA-mediated toxicity In contrast to the results in the shorter Experiment 2, THir neuron survival 16 weeks after 6-OHDA in Experiment 3 in the ST only group was threefold higher than the control group and twofold higher than in the ST+SN group (Figures 4d-f and h ). In the ST rAAV2/1 PTN-injected group, 274.7 ± 19.3 and 159.6 ± 12.3 THir neurons remained in the three coronal sections quantified in the intact and lesioned SNpc, respectively. In contrast, in the ST+SN rAAV2/1 PTN group there were 193.73 ± 20.9 surviving THir neurons in the intact SNpc compared with 57.7 ± 22.9 in the lesioned SNpc. In the control rAAV LacZ-injected rats, there were 229.6 ± 16.68 THir neurons in the intact and 39.3 ± 13.8 in the lesioned SNpc. Survival of THir neurons in the ST-injected group was significantly greater compared with either the ST+SN (F (2, 11) = 12.316, P = 0.001) or the control (P = 0.002) groups. Importantly, no significant difference in THir neuron survival was observed in the ST+SN rAAV2/1 PTN injected groups between the 6-week and 16-week post-6-OHDA euthanasia intervals, indicating that PTN expression in the SN over extended periods of time did not produce an added detrimental effect on SNpc THir neuron survival (P = NS, compare Figures 4g and h ). In summary, 16 weeks following 6-OHDA, survival of nigral THir neurons in the ST rAAV2/1 PTN treatment group was ≈58% compared with ≈30% survival in the rAAV2/1 PTN ST+SN treatment group and (≈17%) survival in the control LacZ group.
Phenotype determinations for SNpc THir neurons
In an effort to ensure that loss of THir neurons in our selective TE counts reflected actual neuron loss and not a downregulation of TH in the 20-week Experiment 3, nigral sections in both the rAAV2/1 PTN ST and PTN ST+SN groups were counterstained with cresyl violet, and THir and non-THir neurons were quantified using unbiased stereology. In both the rAAV2/1 PTN ST and the PTN ST +SN treatment groups, intrastriatal 6-OHDA resulted in significant deficits in THir neurons (Po 0.05). Total neuron counts indicated that loss of neurons within both the treatment groups could be completely attributed to the loss of THir neurons, indicating that loss of THir neurons reflected true neuronal loss and that PTN overexpression did not downregulate TH expression (Figures 4i-k) .
Additionally, previous studies have established that SNpc THir neurons express the PTN receptors RPTPβ/ζ and N-syndecan. 18, 19 However, no study has previously examined whether nigral neurons express the ALK receptor, and only the ALK receptor has been definitively linked to PTN's trophic effects. 20 Therefore, in an effort to determine whether PTN could potentially exert protective abilities through ALK receptors on DA neurons, SNpc neurons were immunofluorescently double labeled for TH and ALK and visualized using confocal microscopy. Punctate, granular staining of ALK was detected throughout the mescencephalon localized to both THir neurons and non-THir neurons within the SNpc (Figures 5a-f) . Granular staining was not observed in primary antibody delete-stained tissue (Figure 5g ). These results demonstrate that nigral THir neurons, as well as other cells within the SN, possess ALK receptors.
Long-term (20 weeks) striatal PTN overexpression following ST injection is protective to THir neurites 6-OHDA resulted in a significant depletion in THir optical density in the ipsilateral ST in all the groups 16 weeks after 6-OHDA in Experiment 3 (F (1, 25) = 58.169, P ⩽ 0.016, Figure 6c ). However, intrastriatal rAAV2/1 PTN injection resulted in a level of TH immunoreactivity twofold higher than controls and threefold higher than ST+SN-injected rats (Figures 6a-c) . THir signal intensity in the ST-only-injected group was significantly increased compared with the ST+SN-injected group (P = 0.038), and there was no significant difference between striatal THir signal intensity in rAAV LacZ control and ST+SN groups (P>0.05). In summary, 16 weeks following 6-OHDA significantly higher THir signal intensity was observed in the ST rAAV2/1 PTN treatment group compared with both the rAAV2/1 PTN ST+SN treatment group and the control LacZ group.
DISCUSSION
Our results demonstrate that PTN-mediated neuroprotection against 6-OHDA-induced toxicity is dependent upon both site of administration and duration of expression. Intrastriatal delivery of rAAV2/1 PTN resulted in transduction of striatal medium spiny neurons and their projections to the SNpr (direct pathway). Intranigral rAAV2/1 PTN injection resulted in PTN expression in dopaminergic and nondopaminergic neurons within the SNpc and ventral mesencephalon. At 6 weeks following 6-OHDA (10 weeks post vector), PTN overexpression in the striatonigral pathway (intrastriatal injection) alone or in combination with nigrostriatal overexpression (intranigral injection) provided neuroprotection for nigral DA neurons against of 6-OHDA. However, over longer intervals (16 weeks postlesion, 20 weeks postvector) this neuroprotection was only maintained in the case of intrastriatal rAAV2/1 PTN delivery alone and, this protection was absent in rats that also received intranigral rAAV2/1 PTN. Neuroprotection in the 20-week intrastriatal rAAV2/1 PTN treatment group was associated with elevated PTN expression in the ST and direct pathway terminals in the SNpr. Despite increased PTN expression in the SN and transduction of nigral SNpc THir neurons, over 20 weeks this autocrine delivery of PTN ceased to be beneficial, and neuroprotection was maintained only by paracrine PTN delivery via transduction of the direct striatonigral pathway. Further, 20-week intrastriatal rAAV2/1 PTN delivery provided the greatest level of protection from 6-OHDA-induced motor impairments. Collectively, our results identify the ST as the optimal target for rAAV2/1 PTN injection and suggest that the resulting transduction of the striatonigral direct pathway is able to provide trophic support for nigrostriatal DA neurons.
Previous preclinical studies examining the effects of site of administration utilizing trophic factors have tested either GDNF or NTN overexpression. [5] [6] [7] [8] [9] [10] [11] 13 In the case of GDNF, long-term overexpression in the ST and SN was shown to be neuroprotective to nigral dopaminergic neurons; however, GDNF overexpression in the SN was detrimental to functional outcomes and associated with dopaminergic fibers turning back toward the SN.
9-11 Our results demonstrating superior functional outcomes associated with intrastriatal rAAV PTN injection are in line with superior functional outcomes observed following intrastriatal GDNF overexpression. In the case of NTN, overexpression in the SN was associated with superior neuroprotection 2 weeks after 6-OHDA compared with overexpression in both the SN and the ST however, longer post-lesion intervals and functional assessments were not examined. 13 Our findings that PTN overexpression in the ST and the SN is slightly more neuroprotective compared with ST overexpression alone (albeit not significantly so) in the shorter Experiment 2 is similar to what was observed with shorter post-6-OHDA lesion intervals and NTN overexpression. Without a direct comparison of the three factors within the same experiment, it is difficult to state definitive conclusions, but these results illustrate the importance of studying different sites of trophic factor overexpression within nigrostriatal circuitry as well as whether effects observed short term can be maintained long term.
Interestingly, striatal PTN levels were elevated over the 20-week interval in ST-injected rats compared with those injected in the ST+SN despite the fact that both groups received equivalent intrastriatal rAAV2/1 PTN injections. Additionally, rats injected only in the ST in the long-term study had increased density of striatal THir neurites 16 weeks postlesion compared with ST+SN-injected counterparts. Although the PTN antibody used in the present study is targeted to the human PTN transgene, some crossreactivity with rat PTN can occur. Previous studies have reported that endogenous PTN is transiently upregulated in the nigrostriatal system following injury, including in the rodent ST following 6-OHDA administration 19 and in surviving nigral DA neurons of PD patients. 15 Of note, significantly increased striatal THir terminal density was observed in the ST group, and our previous and present functional analyses indicate ongoing replenishment of striatal innervation. 16 It is therefore possible that the uniquely high levels of PTN detected within the ST of the ST-injected group reflects contributions from both vector-delivered PTN and host endogenous PTN. Further experiments will be required to examine this issue.
The efficacy of trophic factor delivery is dependent upon access to the signaling receptor. In the present study, neuroprotection was associated with PTN expression in striatal neurons and in their terminals in the SNpr, suggesting that this circuitry provides a source of PTN for SNpc DA neurons. Evidence for a neuroprotective role of paracrine-supplied PTN is provided by mesencephalic cell culture studies 14, 15 as well as by a recent study in which PTN overexpression targeted to mescencephalic astrocytes increased THir SNpc neuronal survival following 6-OHDA lesion. 18 Indeed, the PTN receptor RPTPβ/ζ and (based on our present results) ALK are expressed by nigral SNpc DA neurons and are known to be localized to dendrites. [21] [22] [23] The presence of ALK on striatal terminals is controversial, although ALK mRNA can be detected in the STR. 19 It is possible that PTN secreted within the SNpr resulted in activation of PTN receptors located on the dendrites of SNpc neurons. Binding of PTN to its receptors has been shown to activate prosurvival Akt and ERK1/2 signaling. [24] [25] [26] [27] [28] [29] [30] For unknown reasons, overexpression of PTN within SNpc neurons did not provide long-term neuroprotection, whereas long-term overexpression of GDNF within SNpc neurons has been shown to be supportive. [9] [10] [11] Presumably overexpression by SNpc neurons would result in release at distant terminals in the ST. Evidence suggests that once released, GDNF is retrogradely transported to promote survival signaling. [31] [32] [33] However, no such phenomenon has been suggested for PTN and not all trophic factors function via retrograde survival signaling. A difference such as this one between PTN and GDNF may explain the failure of PTN overexpression within nigral neurons to promote long-term survival. Ultimately, further experiments are necessary to elucidate which PTN receptor(s) participate in the neuroprotection provided by striatonigral PTN overexpression.
To date, the trophic factor NTN has been the sole trophic factor with available clinical trial results for efficacy in PD gene. However, in double-blind Phase II studies neither intraputaminal injections of AAV2/2 NTN nor concurrent delivery to both the putamen and the SN resulted in improved UPDRS scores. 1, 3 An ongoing clinical trial seeks to test the potential of intraputaminal injection of AAV2/2-GDNF, a close relative of NTN, to provide neuroprotection and functional restoration, again in advanced in PD. 4 Should GDNF gene therapy, like NTN, also prove to not be disease-modifying, we will be left with questions regarding whether the trophic factor or the stage of intervention, or both, contributed to the failure. In order to optimize the predictive validity of preclinical trials, the models and timing of intervention must be carefully considered. Neurotoxin PD models have been effectively used to refine gene therapy parameters, including the optimal site of administration, dosage, transport, transduction volume and identification of side-effects. 9, 10, 34 However, with very few exceptions, the preclinical paradigms that have been used to evaluate the neuroprotective potential of a particular trophic factor have consisted of factor delivery before, or in conjunction with, neurotoxin administration. When NTN and GDNF overexpression occurs before 6-OHDA, robust neuroprotection of both nigral neurons and terminals in the ST is observed. 10, [35] [36] [37] [38] These results are markedly different if delivery of these factors is delayed until after significant nigrostriatal degeneration has occurred. In delayed paradigms, the positive effects of these therapies are essentially limited to slight increases in axonal regeneration and striatal dopaminergic tone. [39] [40] [41] [42] [43] These findings predicted the clinical results of the NTN gene therapy trial in advanced PD patients and may also predict the results of the ongoing GDNF gene therapy trial in advanced PD patients. Our PTN results indicate that AAV-PTN delivery to the ST is clearly superior to rAAV PTN delivery to both the SN and ST in terms of providing nigrostriatal neuroprotection before insult. These findings suggest that intrastriatal rAAV PTN delivery may provide neuroprotection for early PD patients. Future studies will determine whether intrastriatal AAV-PTN delivery can halt ongoing degeneration and provide protection in different PD animal models.
MATERIALS AND METHODS Animals
Male, Sprague Dawley rats (Harlan, Indianapolis, IN, USA) 3 months of age (n = 44) were used in these studies. All animals were given food and water ad libitum and housed in 12-h reverse light-dark cycle conditions in the Van Andel Research Institute vivarium, which is fully AAALAC approved. All procedures were conducted in accordance with guidelines set by the Institutional Animal Care and Use Committee (IACUC) of Michigan State University. Experimental overview Experiment 1. A cohort of rats (n = 15) was unilaterally lesioned with intrastriatal 6-OHDA and euthanized 2, 4 or 6 weeks after injection. Surviving SNpc THir neurons were quantified to establish the accuracy of a modified TE counting method as compared with standard stereological assessment. Experiment 2. Rats were unilaterally injected with either rAAV2/1 PTN (n = 6) or rAAV2/1 GFP (n = 6) in both the ST and SN or in the ST only. Four weeks later, all rats recieved unilateral instrastriatal injections of 6-OHDA. Rats were euthanized 6 weeks post-6-OHDA injection (Figure 2a) . Experiment 3. Rats were unilaterally injected with either rAAV2/1 PTN (n = 10) or rAAV2/1 LacZ (n = 6) in both the ST and SN or in the ST alone. Baseline behavioral measurements were conducted, and 4 weeks later, all rats were intrastriatally injected with 6-OHDA. Behavioral tests were conducted at 4, 8, 12 and 16 weeks post-6-OHDA injection. Rats were euthanized 16 weeks post-6-OHDA injection (Figure 2b ).
Viral vectors
Plasmid and rAAV vector production was completed as previously described. 16 Human PTN was cloned from human brain cDNA and inserted into an AAV plasmid backbone downstream to a chicken beta-actin promoter/cytomegalovirus enhancer promoter hybrid. All vectors contained AAV2 terminal repeats. PTN and GFP plasmids were packaged into AAV1 capsids. rAAV2/1 GFP was injected into control rats in the short-term, 10-week study (Experiment 2). rAAV2/1 LacZ vector was purchased from Vector Biolabs (no.7026, Philadelphia, PA, USA) and used in the long-term, 20-week experiment (Experiment 3), because rAAV-GFP, at high titers and over long durations, has the potential to be toxic to nigral DA neurons. 44, 45 PTN and GFP vector titers were determined by quantitative PCR. The rAAV2/1 PTN titer was 5.3 × 10 12 viral genomes ml − 1 (vg ml − 1 ), rAAV2/1 LacZ titer was 1.0 × 10 13 vg ml − 1 and rAAV2/1 GFP titer was 4.8 × 10 12 vg ml
rAAV2/1 PTN, rAAV2/1 GFP and rAAV2/1 LacZ injections into the nigrostriatal system
Rats were anesthetized with isoflurane and placed into a stereotaxic frame. Rats in the dual-structure transduction treatment group (SN plus ST) were injected with a total of 8 μl of rAAV2/1 PTN or rAAV2/1 GFP (Experiment 2) or rAAV2/1 LacZ (Experiment 3). Rats in the single-structure transduction treatment group (ST only) received a total of 4 μl of rAAV2/1 PTN, GFP or LacZ. Striatal coordinates from bregma were AP +1.6 mm, ML +2.4 mm, DV − 4.2 mm from dura and AP +0.2 mm, ML +2.6 mm, DV − 7.0 mm, 2 μl per site. Nigral coordinates were AP − 5.3 mm from bregma, ML +2.0 mm, DV − 7.2 mm from dura and AP − 6.0 mm, ML +2.0 mm, DV − 7.2 mm with 2 μl per site. Dual injection site coordinates were chosen to deliver vector to the entire rostral-caudal axis of the nigra, as previously reported. 46 Before striatal injections, all rats received 0.3 ml per 100 g of 25% Manitol solution intraperitoneally as described previously to increase hyperosmolality. 47 A Hamilton syringe fitted with a pulled glass micropipette (Hamilton Gas Tight syringe 80 000, 26s/2′′ needle; Hamilton, Reno, NV, USA; coated in Sigmacote, Sigma-Aldrich, St Louis, MO, USA; SL2, micropipette opening~60-80 μm) was used for injection. For injections into the ST, the needle was lowered to the site, 1 min passed before the injection began, and vector was infused at the rate of 0.5 μl min − 1 , and 4 min following the end of injection, the needle was retracted. For each nigral injection, the needle was lowered to the site, vector injection began immediately at a rate of 0.5 μl min − 1 and the needle remained in place for an additional 5 min before retraction.
Intrastriatal 6-OHDA Four weeks following vector injection, all rats were anesthetized with isofluorane, and scalp wounds were re-opened. All rats received two intrastriatal injections of 6-OHDA (MP Biomedicals, Solon, OH, USA; 5 μg μl − 1 (free base) 6-OHDA in 0.2% ascorbic acid, 0.9% saline solution). 17 Striatal 6-OHDA coordinates were identical to the striatal vector coordinates with 2 μl injected per site. For each injection, the needle was lowered into the ST, 1 min passed before the injection began and 6-OHDA was infused at the rate of 0.5 μl min − 1 . The needle was retracted 2 min following the end of each injection.
Behavioral analysis
Behavioral analysis was conducted and analyzed by researchers blinded to the treatment groups in Experiment 3. Animals were tested before 6-OHDA injection (baseline) and 4, 8, 12 and 16 weeks following 6-OHDA. We have previously determined that rAAV2/1 PTN striatal injection into intact, unlesioned rats does not impact motor function. 16 Cylinder test. Spontaneous forepaw use was measured in the cylinder test as previously described. 48 Briefly, during the dark cycle rats were placed in a clear plexiglass cylinder, and behavior was videotaped until 5 min passed or 20 weight-bearing paw taps on the sides of the cylinder were made. The number of taps made by the paw ipsilateral or contralateral to 6-OHDA or both paws was recorded from the videotapes by a blinded rater. Data are reported as the percentage of contralateral (to 6-OHDA) forelimb use: ((contralateral+½ both)/(ipsilateral+contralateral+both))x100.
Adjusting steps (bracing) task. The test was performed as described previously. [49] [50] [51] To gauge nigrostriatal DA loss, the number of stepping movements made with each forepaw contralateral and ipsilateral to 6-OHDA injection were assessed. Rats were held by the torso with hindlimbs such that the weight of the rat's body was resting on a single forepaw in contact with the table. The handler moved rats side-to-side alternating which forepaw supported their weight over a fixed distance (36 inches) for a 10-s period for three trials. Self-initiated steps by each forelimb are counted and averaged across trials. Rats with a unilateral nigrostriatal lesion make fewer steps with the forepaw contralateral to the injection side. Data are presented as the average number of steps made by the contralateral forepaw for each group over time.
Bilateral tactile stimulation test. This test was performed as previously described. [52] [53] [54] Phase 1: To test somatosensory asymmetry, rats were individually removed from their home cage and adhesive stickers (ToughSpots ½′′ diameter, USA Scientific, Ocala, FL, USA, 9185-0504) were placed on the distal-radial aspect of both forepaws. Immediately after stimulus placement, rats were returned to their home cage. The order of and time to contact each forepaw was recorded for five trials, and trials lasted a maximum of 60 s before a trial was redone. Preference for the unaffected forepaw (ipsilateral to 6-OHDA injection) indicated a sensory bias and nigrostriatal lesion. Data are presented as the average time to contact the affected forepaw.
Amphetamine-induced rotational asymmetry. Rats were assessed for ipsilateral rotational asymmetry as previously described. 17, 55 Rats received intraperitoneal injections of 3.0 mg kg − 1 amphetamine in 0.9% saline and placed into cylindrical bowls. Rotational behavior was quantified using the TSE LabMaster (Chesterfield, MO, USA) rotometer program. Recording began 5 min after amphetamine injections and continued for 90 min. Data are expressed as the number of ipsilateral (to 6-OHDA injection) rotations per minute.
Euthanasia and tissue preparation
Rats assessed for modified TE counting verification were euthanized at 2, 4 or 6 weeks post-6-OHDA (Experiment 1). Rats were euthanized 6 or 16 weeks post-6-OHDA injection in Experiments 2 and 3, respectively (Figures 2a and b) . All animals were deeply anesthetized (60 mg kg − 1 pentobarbital, intraperitoneally) and perfused intracardially with 0.9% saline solution containing 1 ml per 10 000 USP heparin. Brains were postfixed in 4% paraformaldehyde in 0.1 M PO 4 buffer for 7 days and then transferred to 30% sucrose in 0.1 M PO 4 until sinking. Brains were frozen on dry ice and sectioned at 40 μm using a sliding microtome (American Optical Sliding Microtome Model 860, Buffalo, NY, USA).
Immunohistochemistry
Immunohistochemical staining was performed using the free-floating method.
TH immunohistochemistry. Free-floating sections were blocked in 10% normal goat serum and incubated in primary antisera against TH (Chemicon, Billerica, MA, USA, MAB318, mouse anti-TH, 1:4000) with 5 mg per 100 ml sodium azide overnight at room temperature. Following primary incubation and rinses, TH-labeled sections were incubated in secondary antisera against mouse IgG (Chemicon AP124B, goat antimouse, 1:400) for 2 h, followed by the Vector ABC detection kit using Striatonigral pleiotrophin protects from 6-OHDA SE Gombash et al horseradish peroxidase (Vector Laboratories, Burlingame, CA, USA). Antibody labeling was visualized by exposure to 0.5 mg ml − 1 3,3' diaminobenzidine and 0.03% H 2 O 2 in Tris buffer. An additional series of tissue sections from a cohort of rats in both the ST only and ST plus SN rAAV2/1-PTN treatment groups (n = 5) in Experiment 2 were counterstained with cresyl violet following TH immunolabeling in order to distinguish between loss of TH phenotype and neuronal loss. Sections were mounted on subbed slides and coverslipped with CytoSeal mounting medium (Thomas Scientific, 6705A15, Swedesboro, NJ, USA).
PTN and TH immunofluorescence for near infrared imaging and optical density analysis. To quantify transduction efficiency by rAAV2/1 PTN in the nigrostriatal system and levels of striatal TH immunoreactivity, freefloating tissue sections were blocked in Odyssey blocking buffer (LI-COR Bioscience, Lincoln, NE, USA, 927-40000) for 60 min at room temperature. Tissues were then incubated in primary antibody for PTN (R&D Systems, Minneapolis, MN, USA, AF252PB, biotinylated goat antihuman PTN, 1:25, in Odyssey blocking buffer with 0.2% Triton-X) or TH (Chemicon MAB318, Mouse anti-TH, 1:1000, in Odyssey blocking buffer with 0.2% Triton-X) overnight at room temperature. After rinsing, tissue was incubated in secondary antisera for 2 h at room temperature (PTN, LI-COR Biosciences 926-32214, IRDye 800CW donkey anti-goat, 1:250 or TH, 926-32210, IRDye 800CW goat anti-mouse, 1:250 in Odyssey blocking buffer). Sections were then rinsed in 0.1 M Tris-buffered saline and immediately mounted onto subbed slides, dehydrated and coverslipped with Cytoseal (Richard-Allan Scientific, Waltham, MA, USA). Slides were then imaged using the Odyssey infrared image system (LI-COR Bioscience) to quantify the level of PTN transduction in the ST and SN and TH protein levels in the nigrostriatal system. Rats in the PTN treatment groups were included in the behavioral and morphological analyses if they displayed nigrostriatal PTN transduction.
Immunofluorescence to verify GFP and LacZ transduction. Free-floating tissue sections were fluorescently labeled for LacZ in Experiment 3. Tissue was blocked in 10% normal goat serum for 20 min at room temperature and then incubated in chicken anti-β-galactosidase primary antisera (Abcam, Cambridge, MA, USA, ab9361, 1:1000) overnight at room temperature. Tissues were rinsed in 1.0 M Tris-buffered saline solution and incubated in goat anti-chicken IgG (Alexa Fluor 488, Life Technologies, Carlsblad, CA, USA, A11039, 1:400) secondary antisera for 3 h at room temperature. All tissues were mounted on subbed slides and coverslipped with Vectashield HardSet Mounting Medium (Vector Laboratories H1400). Fluorescence imaging was conducted on immunolabeled and GFP autofluorescence using a Nikon Eclipse 90i microscope (Nikon, Tokyo, Japan).
ALK and TH immunofluorescence for co-localization. Free-floating tissue sections were incubated in primary rabbit anti-TH (Millipore, Billerica, MA, USA, AB-152, 1:4000) at room temperature overnight. Tissues were rinsed in 1.0 M Tris-buffered saline solution, and tissue sections were incubated in donkey anti-rabbit IgG (Invitrogen, Carlsblad, CA, USA, A21206 Alexa Fluor 488, 1:500) at room temperature for 2 h. Subsequently, tissue sections were incubated in primary antisera against ALK (Santa Cruz, Santa Cruz, CA, USA, sc-6345, 1:50) overnight at room temperature, followed by incubation with donkey anti-goat secondary (Invitrogen A11057, Alexa Fluor 568, 1:500). Sections were mounted on subbed slides and coverslipped with Vectashield Mounting Medium with DAPI (Vector Biolabs, Burlingame, CA, USA, H-1200). Immunolabeling was visualized using an Olympus FluoView FV10i confocal laser scanning microscope (Olympus Corporation, Tokyo, Japan).
Quantification of TH and PTN immunoreactivity
Immunolabeled sections were scanned at a resolution of 42 μm in the 800 channel and a 3.0 (arbitrary unit) sensitivity setting on a LI-COR Odyssey scanner (LI-COR Biosciences). Integrated signal intensities were collected from vector/6-OHDA-injected hemisphere and the contralateral hemispheres. To quantify striatal TH, integrated intensities were taken from a series of 1 in 6 sections throughout the ST of each animal (+2.28 mm through − 0.60 mm relative to bregma). Integrated intensities were measured in the PTN transduced and naive striatal hemispheres of six tissue sections from approximately +1.44 mm to 0.00 mm relative to bregma. Nigral PTN measurements were taken in the PTNir SNpc and the untransduced SNpc beginning at − 4.56 mm to − 6.48 mm relative to bregma. Slides were normalized by analyzing and subtracting background staining intensity from the contralateral cortex for each animal.
TH intensity data are presented as the average percentage of remaining striatal TH intensity (compared with contralateral intact striatum) for each group. PTN data are presented as the average PTN integrated intensity values for the transduced and naive striatum and SNpc for each group.
Selective TE of THir neurons in the SNpc
SNpc THir neurons from three sections, easily identified by proximity to the medial terminal nucleus of the accessory optic tract 56 (−5.04 mm, − 5.28 mm and − 5.52 mm relative to bregma), were quantified. Using a Nikon Eclipse 80i microscope, Retiga 4000R (QImaging, Surrey, BC, Canada) and the Microbrightfield StereoInvestigator software (Microbrightfield Bioscience, Burlingame, V, USA), selective TE THir neuron quantification was completed by drawing a contour around the SNpc borders at × 4. Virtual markers were then placed on THir neurons at × 20 and quantified. Total THir neuron numbers in the intact or lesioned SN were averaged for the three medial terminal nucleus sections counted (Figure 1a ).
Stereological assessment of THir neurons in the SNpc
Stereology utilizing the optical fractionator principle was completed using every sixth serial section throughout the entire SNpc as described previously. 16 The anterior-posterior axis measurements for sections counted using stereology were − 4.56, − 4.80, − 5.04, − 5.28, − 5.52, − 5.76, − 6.00, − 6.24 and − 6.48 mm relative to bregma. The same cohort of rats utilized for selective TE quantification were analyzed. In addition, THir and cresyl violet-counterstained sections from a cohort of rats from Experiment 2 were also analyzed to determine whether downregulation of TH phenotype contributed to the observed decreases in SNpc THir neurons. Using the optical fractionator principle, THir neurons or THir neurons and Nissl-positive/TH-negative neuronal nuclei in the 6-OHDAinjected and contralateral control nigral hemispheres were counted at × 60. A coefficient of error o 0.10 was accepted. Data for comparisons between the selective TE quantification method and unbiased stereological assessment are reported as the percentage of remaining THir neurons. Data from Experiments 1 and 2 illustrating the impact of PTN transduction represent values obtained utilizing the selective TE counting method and are reported as the percentage of THir neurons remaining compared with the intact hemisphere. Data evaluating the impact of PTN transduction on TH phenotype were collected using unbiased stereological assessment of THir neurons and Nissl-positive neuronal nuclei and are reported as true neuronal estimates for each hemisphere. Glial nuclei were excluded from cresyl violet neuronal counts based on smaller size and homogeneous intense Nissl substance staining (Figures 4i-k) .
Statistics
Selective TE quantification and stereology analyses were completed using separate two-way repeated-measures analyses of variance (ANOVAs) for each experiment. Comparisons were made between the numbers of surviving THir neurons in the intact versus lesioned SN (treatment factor) and between injection site groups (group factor). For Experiment 3, twoway repeated-measures ANOVAs were used to assess all behavioral effects between rats injected in the ST+SN or the ST only (group factor) and between multiple time points (time factor). To determine whether significant differences were present between ST+SN, striatal only or control-injected groups (group factor), a one-way ANOVA was performed using percentage of remaining striatal TH intensities. For Experiments 2 and 3, a two-way ANOVA was used to determine differences in PTN nigral or striatal expression between ST+SN-injected versus ST-only-injected rats (group factor) and between long-and short-term studies (time factor). In all cases, Holm-Sidak post hoc analyses were applied when appropriate.
